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Tremendous progress has been achieved in the last ten years with respect to modeling
the combustion of solid propellants. The vastly increased performance of computing
capabilities has allowed utilization of calculation approaches that were previously only
conceptual. The paper will discuss three areas of emphasis: ﬁrst, numerical modeling
of premixed ﬂames using detailed kinetic mechanisms; second, development of packing
models to calculate a geometrical distribution of particles simulating a heterogeneous
solid propellant; and ﬁnally, calculation of diﬀusion ﬂame eﬀects that are critical in
the combustion of AP/hydrocarbon solid propellants.
The capability of modeling premixed combustion using detailed kinetic mecha-
nisms has been evolving and successfully applied to solid propellant ingredients based
on a one-dimensional approach. Much of the early work was performed at Novosi-
birsk. The approach allows calculating the burning rate as a function of pressure but
also the temperature sensitivity and spatial distributions of temperature and species
concentrations. Generalized mechanisms have been developed and applied to many in-
gredients such as HMX, GAP, RDX, NG, AP, etc. The gas-phase kinetic mechanisms
seem to represent the chemistry of these monopropellants and pseudo-propellants
consistently well. The burning rates of these monopropellants vary by almost an or-
der of magnitude but are essentially independent of the ﬂame temperature. Various
model calculations agree reasonably well with available experimental data.
Recent work in the USA has been aimed at describing the geometrical packing of
a solid propellant. These models represent signiﬁcant progress toward such a descrip-
tion. Combining the packing model with a realistic ﬂame model is still a signiﬁcant
challenge. Preliminary results are encouraging, but obviously further work is needed.
Also, fundamental calculation of two-dimensional diﬀusion ﬂames, incorporating re-
alistic kinetics has progressed signiﬁcantly. Recent results show encouraging promise
toward simulating the minute detail involved in determining the burning rates of AP
containing propellants.
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HTPB hydroxyl-terminated polybutadiene










TEGDN triethylene glycol dinitrate
TMETN trimethylolethane trinitrate
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INTRODUCTION
Combustion of solid propellants involves a combi-
nation of processes evolving from various ingredients
that constitute the propellant. These ingredients de-
compose, evaporate and/or pyrolyze, giving oﬀ gases,
which then react, resulting in energetic ﬂames that drive
the combustion process of the propellant. During the
past two decades, tremendous progress has been made
in developing reaction mechanisms, the methodology
for developing the corresponding kinetic data, and the
models to describe various aspects of propellant com-
bustion. The greatest achievement has been made in
the development of the overall process for describing the
premixed ﬂames associated with virtually all of the in-
gredients that constitute typical solid propellants. Most
of the individual ingredients used in solid propellants
burn as monopropellants [1]. This paper summarizes
the recent research that has focused on developing ki-
netic models describing the combustion of many of these
ingredients.
Combustion of a monopropellant can be divided
into three regions (condensed region, liquid–gas two-
phase region, and gas region) [2, 3]. Monopropellants
can sublime and/or decompose while in their solid form,
but the rates associated with these processes are usually
small compared to the decomposition and evaporation
rates after the propellant has melted. The two-phase
(molten) region consists of liquid and gaseous species re-
sulting from melting and/or decomposition of the solid
phase. For example, both RDX and HMX form a vis-
ible, deﬁnitely liquid layer [4], and during combustion
there are hardly any eﬀective reactions contributing to
the combustion process below the melt temperature.
For AP it is less well deﬁned. The melt layer is not
directly observable, and the melt temperature has not
been determined, other than by inferences.
The precise division between the two-phase and
gas-phase regions (i.e., the “burning surface”) is also
not well deﬁned due to chemical reactions, bubbles, and
condensed material being convected away from the sur-
face. In the gas-phase region of a monopropellant, the
ﬂame is essentially premixed. The species emanating
from the surface react with each other and/or decom-
pose to form other species. A wide variety of reactions
involving many species occur in the gas ﬂame [5] until
thermodynamic equilibrium is reached in the ﬁnal ﬂame
zone.
More complexity is introduced with heterogeneous
propellants containing multiple ingredients. In some
cases, a whole new set of reactions may occur. In other
cases, the reactions are essentially the same as if the
monopropellants were burning separately. Some ingre-
dients, such as RDX, burn with a thick surface melt
layer, while others, such as GAP, burn with little or
no surface melt layer. Thus, the burning surface and
the heat feedback from the ﬂames to the surface can
be signiﬁcantly diﬀerent from the monopropellant case.
Therefore, it is important to understand the geomet-
ric distribution of various ingredients that make up a
propellant and their eﬀects on the combustion. Various
numerical models have recently been developed in an
attempt to predict these geometric eﬀects of compos-
ite propellants (see the discussion in the next section).
These models have progressed through various levels of
complexity, from one-dimensional to multi-dimensional
models and from global or semi-global gas-phase kinet-
ics to detailed reaction mechanisms.
One of the desirable characteristics of AP com-
posite propellants is the dependence of their burn-
ing rates on the size distribution of particles used.
The Beckstead–Derr–Price (BDP) model [6] assumes a
three-ﬂame structure: the primary diﬀusion ﬂame be-
tween the AP decomposition products and the binder
decomposition products; the AP monopropellant ﬂame;
and the ﬁnal diﬀusion ﬂame between the AP monopro-
pellant ﬂame products and the binder products (mixed
with the primary diﬀusion ﬂame products). The pri-
mary diﬀusion ﬂame is assumed to be a dominant driv-
ing force in AP composite propellant combustion.
In order to investigate in detail the interactions
between self-deﬂagration and diﬀusion ﬂames, a multi-
dimensional model with detailed chemical kinetics has
recently been developed. This two-dimensional model
also provides a framework in which detailed kinetic
mechanisms can be developed and applied to premixed
and diﬀusion ﬂames above an idealized burning propel-
lant.
PREVIOUS MODELING SUMMARY
The evolution of steady-state propellant combus-
tion modeling can be divided into three general cat-
egories: 1) models based on global kinetics; 2) semi-
global models based on some ﬁnite-rate kinetic mecha-
nisms in either, or in both, gas and condensed phases;
3) multi-phase models with detailed kinetic mecha-
nisms.
Naturally, some models can overlap categories.
Global kinetics-type models typically only solve the en-
ergy equation using a ﬂame sheet or ﬂame standoﬀ dis-
tance approach. Most of these modeling eﬀorts date to
the 1960s–1970s. Semi-global models using some kind
of ﬁnite-rate kinetic mechanisms have usually (but not
always) relaxed the ﬂame sheet assumption, replacing it
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with a distributed energy release associated with solv-
ing both the energy and species equations. These were
typical eﬀorts of the 1970s–1980s. Virtually all of the
models were able to match the experimental burning
rate data with reasonable accuracy in spite of the di-
verse assumptions relative to the physical picture being
modeled. As a result, most researchers then claimed
that their physical model was “correct” based on the
agreement. All of the models contain parameters, usu-
ally related to the kinetic expressions, that have not
been quantiﬁed experimentally and, thus, must be es-
timated to ensure a reasonable ﬁt of the data. This
“ﬁtting” process ensures reasonable agreement between
modeling and experiments. These models have been re-
viewed and summarized in several papers [1, 7–9] not-
ing that a reasonable ﬁt of the experimental data does
not justify a claim that the model is “correct.” A well-
grounded model should allow one to examine the eﬀect
of various parameters other than just burning rate, such
as temperature sensitivity, energy release distribution,
pressure exponent, etc.
Buckmaster, Jackson and co-workers have devel-
oped a two- and three-dimensional methodology to de-
scribe the geometric eﬀects within solid propellants
[10–16]. The complex unsteady heat transfer and
propellant-surface regression through oxidizer/binder
sandwiches, and two-dimensional and three-dimensional
random packs of propellant particles have also been
modeled using 2- and 3-step global reaction mechanisms
to describe the gas-phase heat release. The results of
[10–16] will be discussed below.
In order to model AP–HTPB propellants, two-
dimensional models are required to describe the diﬀu-
sion ﬂame structure associated with AP [17–19]. Re-
cent work has been done on modeling diﬀusion ﬂames
for propellants with complex particle packing [20]. The
physical models of concern are suﬃciently complex,




The most recent models include detailed reaction
mechanisms in the gas phase, coupled with a distinct de-
scription of the condensed phase. These types of models
were ﬁrst developed in the 1980s and were initially ap-
plied primarily to HMX and AP. A brief summary of
those early models can be found in [1]. In 1995, Cor
and Branch [21] also reviewed several of these models,
with emphasis on those that were based primarily on
the Miller–Bowman mechanism [22].
Fifteen to twenty years ago, the CHEM-
KIN/PREMIX software [23, 24] was developed, estab-
lishing a standard format that facilitates the solution
of the gas-phase equations for multiple reactions. Com-
bined with the fact that the computing capability has
grown and continues to grow exponentially, further de-
velopment of detailed kinetic models has accelerated.
The improved computing capabilities have also fostered
the capability for utilizing quantum and statistical me-
chanics methods to calculate the required chemical ki-
netics for the gas-phase reaction steps, which has fur-
thered the development of this approach.
Various models found in the literature employ-
ing detailed kinetics include models for one- and two-
dimensional steady-state treatment and one- and two-
dimensional unsteady-state treatment. Most of the
models are for a one-dimensional steady-state mono-
propellant, and this paper focuses on those modeling
studies. Most models are aimed at calculating the burn-
ing rate and temperature and species proﬁles at vary-
ing pressures. One-dimensional transient models have
also been developed to simulate processes such as os-
cillatory combustion [25, 26], ignition [27–30], and fast
cook-oﬀ [31].
In the last section, models simulating pseudo-
propellants will be considered. A mixture of two or
more ingredients is considered as a pseudo-propellant
if it can be assumed that the mixture is homogeneous.
This should be a reasonable assumption if there are no
particles or if the particulate phase is of the order of ten
microns or smaller. Satisfying these two assumptions
should yield a mixture that can be considered homo-
geneous, allowing the premixed ﬂame equations to be
employed.
Basic Approach
The basic approach has been developed to model a
three-phase system, which includes the solid phase, the
condensed (liquid–gaseous) phase, and the gas phase.
The gas-phase ﬂame provides a heat source, which,
along with the condensed-phase heat release, drives the
combustion process.
Condensed Phase. Depending on the ingredient
modeled, the solid phase is assumed to extend toward
the surface until either melting or signiﬁcant decomposi-
tion starts. Most of the models assume that no reactions
occur in the solid phase. Therefore, only the energy
equation needs to be solved for the solid phase [2, 3].
AP is an exception: its decomposition is observed to
occur in the solid phase, well below the melt condition.
Thus, for AP, solid-phase decomposition must be con-
sidered. The liquid condensed phase containing bubbles
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is the least understood one of the three phases. Conse-
quently, there has been signiﬁcant variation in modeling
the condensed phase. In particular, the gases formed
within the condensed phase were assumed to be dis-
solved in the liquid, while Liau et al. [3] and Davidson
et al. [2] modeled the gases within the condensed phase
as bubbles and treated them using a void-fraction ap-
proach. The energy, species, and continuity equations
are usually solved for the condensed phase [39].
Miller and Anderson have recently used a much-
simpliﬁed condensed-phase analysis [32], similar to what
Korobeinichev and his associates have used (e.g., see
[33, 34]). The Russians [33, 34] have typically mea-
sured the surface temperature and the concentrations of
the major species leaving the surface at some low pres-
sure. They then use these experimentally determined
values as the boundary condition fed into the gas-phase
equations. Thus, their calculations only apply to the
pressure where the measurements were made, or they
must assume that the conditions do not change with
pressure. In the Miller–Anderson approach [32], they
assume that all condensed-phase reactions can be de-
scribed by a boundary condition. Thus, they do not
have to solve the conservation equations in the con-
densed phase. Based on observed experimental data
and intuition, Miller and Anderson [32] assume a distri-
bution of species leaving the surface, which will be rep-
resentative of the reactions and evaporation that occur
in the condensed phase. They also assume an Arrhenius
pyrolysis relationship between the mass burning rate
and the surface temperature. This second assumption
is based on experimental observations that relate the
burning rate to the surface temperature (e.g., universal
pyrolysis law [35] for NG containing propellants). This
is very similar to the assumption made in the majority
of the global and semi-global models of the past [1].
Another recent approach in modeling the con-
densed phase includes a description of the surface ten-
sion of the bubbles in the liquid layer [36, 37]. Using
that approach allowed the successful calculation of the
diﬀerence in the temperature sensitivity of RDX and
HMX at low pressures, which has been observed exper-
imentally. Previous models had not been very successful
in predicting that diﬀerence between RDX and HMX.
Gas Phase. The approach used by most researchers
to model the gas phase has been very similar [2, 3, 32,
38, 39]. A slightly modiﬁed version of the PREMIX
program [24] has usually been used, solving the energy,
species, and continuity equations including a detailed
reaction mechanism. Detailed kinetics (radical-chain
reactions) and temperature-dependent thermophysical
properties (for gas-phase equations) are obtained from
independent sources.
In 1995, Yetter and co-workers [38] reviewed kinetic
data for several ﬂames and the pertinent reaction steps
to describe those within the C/H/O/N system that were
anticipated to apply to solid ingredients. They devel-
oped a reaction mechanism for RDX that was based
on 45 species and 232 reaction steps. This mechanism
provided a basis for much of the work that has followed.
Some of the boundary conditions, especially be-
tween the condensed phase and gas phase are handled
diﬀerently in diﬀerent models. For most of the models,
the burning rate is considered an eigenvalue, and con-
vergence is achieved by matching the calculated heat
ﬂuxes between the gas and condensed phases. The com-
plexity and size of the gas-phase chemical kinetic mech-
anisms has increased over the years, which has resulted
in more detailed and accurate model calculations.
Shortcomings
The results from these models enhance the under-
standing of the combustion processes, and the potential
of these models to evolve into a predictive tool appears
promising. However, insuﬃcient understanding of the
condensed phase, and a lack of quantitative information
about the initial species leaving the surface are still sig-
niﬁcant problems. The kinetics relating to most of the
gas-phase reaction steps are becoming relatively well
known because many involve small molecules, such as
OH, CO, NO, etc., which are common between vari-
ous ﬂames (mostly C/H/O/N systems). However, some
of the initial products leaving the surface can be rela-
tively large molecules and can be relatively unique for a
given compound (or family of compounds). The kinet-
ics of the reaction steps involving these initial products
is usually quite uncertain. Thus, the greatest uncer-
tainties within the model are those that refer to the
processes closest to the burning surface.
MODELING OF PRE-MIXED COMPOUNDS
Monopropellant Models
Combustion of several monopropellants including
RDX [2, 3, 39, 40], HMX [41–43], GAP [44–45], BTTN
[46], NG [32], AP [47, 48], and ADN [49] have been
modeled by various researchers since about 1995, us-
ing detailed gas-phase chemical kinetics. These are
listed in Table 1. They are divided and listed within
their chemical families: nitramines, nitrate esters, and
azides. AP and ADN are not categorized in a particular
family because these compounds have diverse physical
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properties and undergo signiﬁcantly diﬀerent combus-
tion chemistry. The compounds are generally made up
of the elements C, H, O, and N, except for AP, which
also includes Cl, and ADN, which does not include car-
bon. Those modeled include the oxidizer-rich AP and
ADN, the relatively stoichiometric RDX, HMX, NG,
and BTTN, and the fuel-rich binder, GAP. They have
equilibrium ﬂame temperatures ranging from ≈1400 K
for AP to greater than 3000 K for HMX. Nitrate es-
ters (double-base propellants) exhibit signiﬁcant dark
zones up to pressures as high as 30 atm [50, 51]. GAP
is known to release signiﬁcant energy in the condensed
phase [52–54], while the nitramines RDX and HMX re-
lease most of their energy in the gas phase [2, 41]. The
latter contradicts the experimental data treatment by
Zenin [4] who assumed that the major part of energy is
released by burning nitramines in the condensed phase.
This contradiction has not yet been resolved. It can
thus be seen that the compounds that have been mod-
eled, represent a signiﬁcantly diverse set of ingredients
with some rather unique combustion characteristics.
Pseudo-Propellant Models
Propellants are mixtures of two or more ingredi-
ents. To move from monopropellants to actual propel-
lants, an intermediate condition has been considered.
Mixtures of more than one ingredient have been con-
sidered as pseudo-propellants, if it can be assumed that
the mixture is homogeneous. This assumption allows
the use of monopropellant models based on premixed
ﬂames. Based on BDP-type calculations [55], the ho-
mogeneity assumption should be a reasonable approxi-
mation if the particulate phase of a propellant is of the
order of ten microns or smaller.
The RDX–GAP system was selected for pseudo-
propellants because it is representative of advanced,
non-AP propellants, and there were experimental data
available [56–58]. As a result, both RDX–GAP [59, 60]
and HMX–GAP [61] mixtures have been modeled. Sub-
sequently RDX–GAP–BTTN [62] and AP–HTPB [63]
were also modeled. In addition, the issue related to
the existence of a dark-zone temperature plateau in a
nitramine propellant ﬂame has been addressed [54, 64].
Table 2 shows the pseudo-propellants that have been
modeled. Pseudo-propellant models have typically been
based on corresponding monopropellant models. In the
models developed by Yang and colleagues [59, 61], the
presence of particulates in the near-surface gas phase is
included to provide a more complete description of the
combustion-wave structure.
MODEL INPUTS
The model inputs include the following: the kinetic
mechanisms for the condensed and gas phases, with
their corresponding kinetic prefactors and activation en-
ergies; and the thermophysical and transport properties
for the solid, condensed, and gas phases. Most model
inputs are based on experimental data and theoretical
values. In the few cases where speciﬁc values are not
available, extrapolations of known data are necessary.
Simulating the combustion of pseudo-propellants entails
averaging some of the monopropellant properties.
Condensed-Phase Properties
The condensed-phase thickness typically ranges
from 10 µm to a few microns at rocket-motor operat-
ing pressures. Experimentally, characterizing the con-
densed phase is diﬃcult, due to the phase heterogene-
ity, spatially small reaction zone, and steep tempera-
ture and concentration gradients [65]. Further compli-
cations, such as GAP forming a carbonaceous surface
residue [54], can also occur in the condensed phase.
Decomposition experiments to analyze the
condensed-phase processes have been conducted at
diﬀerent heating rates: low heating rate (< 103 K/sec),
high heating rate (up to 107 K/sec), and sometimes
combustion conditions (≈107 K/sec) [65]. Low heating
rate studies typically provide the kinetic parameters
for the global reactions, while high heating rate studies
provide a more realistic set of species concentration
data. Experiments are typically performed at sub-
atmospheric pressures, since the ﬂame is more spread
out, and more accurate data can be obtained from
available diagnostic techniques.
Condensed-Phase Kinetic Mechanism. Experimen-
tal data from the condensed phase include data of de-
composition species concentrations at the surface and
some corresponding kinetic parameters, typically only
the activation energy, for the global reaction. Global ki-
netic mechanisms (distributed kinetics), based on these
experimental data, have been developed and used in
the models. The condensed-phase kinetic mechanisms
typically include global decomposition steps, evapora-
tion, and sometimes a few gas-phase reactions within
the condensed-phase bubbles [2, 3].
Table 3 contains a general description of the kinetic
mechanisms used in various models. It can be seen that
the number of steps increases for pseudo-propellants due
to the involvement of more than one ingredient. Based
on the extent of understanding, the models describing
some ingredients (such as RDX) have more detailed re-
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TABLE 1
Monopropellants Modeled with Detailed Kinetics
Monopropellant Chemical formula Chemical family Reference Year
Liau and Yang [3] 1995
RDX C3H6N6O6 Nitramine
Prasad and Beckstead [39] 1997
Davidson and Beckstead [2] 1997
Homan et al. [40] 2000
Kim [43] 2000
Davidson and Beckstead [41] 1996
HMX C4H8N8O8 Nitramine
Prasad et al. [42] 1998
GAP (C3H5N3O)n Azide
Davidson and Beckstead [44] 1996
Puduppakkam and Beckstead [45] 2005
NG C3H5N3O9 Nitrate ester Miller and Anderson [32] 2000
BTTN C4H7N3O9 Nitrate ester Puduppakkam and Beckstead [46] 2003
AP NH4ClO4 — Jing et al. [48] 1998
ADN NH4N(NO2)2 —
Liau et al. [49] 1998
Liau et al. [66] 1999
TABLE 2
Pseudo-Propellants Modeled with Detailed Kinetics
Pseudo-Propellant Reference Year Composition range
AP/HTPB Jeppson et al. [63] 1998 from 100% AP to 77.5/22.5 AP/HTPB
Liau et al. [59] 2000 from 100% RDX to 70/30 RDX–GAP
RDX/GAP
Puduppakkam and Beckstead [60] 2002 from 100% RDX to 70/30 RDX/GAP
HMX/GAP Kim et al. [61] 2002 from 100% HMX to 70/30 HMX/GAP
RDX/GAP/BTTN Puduppakkam and Beckstead [62] 2003 70/9/21 RDX/GAP/BTTN
action steps, while others (such as NG or BTTN) have
fewer reactions, due to a lack of experimental data. In
general, however, only a few, semi-global reaction steps
represent the complex chemistry. Owing to the lack of
experimental data, the ADN model did not include a
condensed-phase mechanism at all [49].
Because of the lack of experimental data, the pre-
exponential factors in the reaction-rate equations usu-
ally are the most uncertain and, as a result, are ﬁtted
to match the temperature and species concentrations
at the surface. While this introduces some uncertainty,
parametric studies are usually done in most modeling
researches to evaluate the impact of parameter uncer-
tainties on model results. Though the limitations in
representing the condensed phase are serious, it needs
to be appreciated that the extent of the condensed-
phase reactions are limited, and typically the majority
of the heat release occurs in the gas phase. This tends
to minimize the impact of the uncertainty due to the
condensed-phase modeling.
A signiﬁcant trend can be observed, based on the
condensed-phase kinetic data reported in several experi-
mental studies. Table 4 shows some of these similarities,
based on a variety of references. For example, the exper-
imentally determined condensed-phase activation en-
ergy is ≈50 kcal/mole for nitramines and ≈40 kcal/mole
for nitrate esters and azides. Furthermore, the experi-
mentally measured surface decomposition products are
also very similar for members of the same family. For
azides (e.g., GAP, BAMO, and AMMO), N2 was a dom-
inant measured surface species (typically ≈40%), along
with smaller quantities of CO, CH2O, and HCN (e.g.,
see [53]). ADN and nitrate esters (BTTN, NG, PETN,
NC, TMETN, TEGDN, NMMO, PGN, and PVN) have
all been observed to yield large concentrations of the
decomposition gases NO and CO at the surface [67–69].
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TABLE 3
Kinetic Mechanisms Used in Combustion Models
(Number of Reactions and Species)
Compound Reference




Liau and Yang [3] 2 1 1 45 232
RDX Prasad et al. [39] 2 at surface 48 228
Davidson and Beckstead [2] 2 1 1 45 232
HMX
Prasad et al. [42] 2 at surface 1 48 228
Davidson and Beckstead [41] 2 1 1 45 232
GAP
Davidson and Beckstead [44] 4 — — 58 292
Puduppakkam and Beckstead [45] 2 — — 74 460
AP Jing et al. [48] 4 — — 33 79
BTTN Puduppakkam [46] 1 1 — 75 462
NG Miller and Anderson [32] 1 — — 35 178
ADN Liau et al. [49] — — — 33 180
AP/HTPB Jeppson et al. [63] 9 — — 44 157
RDX/GAP
Liau et al. [59] 4 1 5 71 520
Puduppakkam and Beckstead [60] 4 1 1 76 488
HMX/GAP Kim et al. [61] 4 1 5 74 532
RDX/GAP/BTTN Puduppakkam and Beckstead [62] 5 2 1 76 488
This supports the logical observation that similar pro-
cesses occur for members of the same chemical family.
This is consistent with Zenin’s observation of a “uni-
versal” law (i.e., a common activation energy) for ni-
trate ester compounds and with the Miller–Anderson
approach to describe condensed-phase activity with an
Arrhenius pyrolysis law.
These trends provide advantageous information
for constructing a combustion mechanism. For in-
stance, while modeling BTTN monopropellant combus-
tion, there was a lack of experimental data for the acti-
vation energy [46]. However, extensive sets of data were
available for other nitrate esters, including double-base
propellants (NG–NC). Due to the similarities of the
compounds, the NG–NC data were used in the BTTN
condensed-phase model [46]. These trends also suggest
that a model of a given ingredient can be extended to
other ingredients of the same chemical family with rela-
tive ease. Several nitrate esters are of interest, including
TMETN, TEGDN and PETN, and they could possibly
be modeled with relative ease by extending the NG and
BTTN models. Similarly, azides such as BAMO and
AMMO could also be modeled by extending the GAP
model.
Condensed-phase models for pseudo-propellants
are based on the corresponding monopropellant models
[59–63]. Reactions to account for the interaction be-
tween diﬀerent ingredients in a pseudo-propellant have
also been considered, where applicable [59, 61, 63].
Condensed-Phase Thermophysical and Transport
Properties. The thermophysical properties of the liq-
uid phase used are typically temperature-independent.
Sometimes, the data have a large scatter, as in the case
of GAP [45]. Parametric studies have been performed
in such cases to assess the eﬀect of variation in values of
the properties. The value of speciﬁc heat aﬀects the cal-
culated condensed-phase heat release and temperature
distribution signiﬁcantly. The thermal conductivity af-
fects the condensed-phase thickness but does not seem
to aﬀect other calculated characteristics signiﬁcantly.
Gas-Phase Properties
Considering the wide range of ingredients available,
it has been desirable to develop a common platform for
modeling monopropellants and pseudo-propellants, to
serve as a predictive tool. Analyzing the combustion
of monopropellants and pseudo-propellants from an el-
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[52, 53, 82–84]
Azides
BAMO 36, 40.8± 1.9,
42.7
[75, 77, 85]
AMMO 40.9± 0.8 [77]
ementary level aids in predicting the burning charac-
teristics and can be achieved by using detailed chemical
kinetic mechanisms in the gas phase.
Gas-Phase Kinetic Mechanism. The gas phase
is relatively well understood. Several detailed kinetic
mechanisms for gaseous products of solid propellants
have been developed independently over the years.
These include the Yetter mechanism developed for RDX
combustion (45 species/232 reaction steps) [38], the Gas
Research Institute (GRI) mechanism developed for nat-
ural gas combustion (53/325) [86], the Miller–Anderson
mechanism developed for NG combustion (35/178) [32],
the Korobeinichev–Ermolin mechanism developed for
AP combustion (33/79) [87] and AP/CTPB combustion
(35/58) [88], and the Lin mechanism developed for ADN
combustion (33/180) [49]. These mechanisms have been
developed based on both experimental data and theo-
retical predictions.
The Yetter mechanism for an RDX ﬂame was pub-
lished in 1995 after a signiﬁcant program comparing
available kinetic parameters to various known reaction
steps and simple ﬂames. Subsequently it has been used
by Prasad et al. [39], Liau and Yang [3], and David-
son and Beckstead [2] as the basis for modeling RDX
combustion. HMX was subsequently modeled with a
few modiﬁcations to the Yetter mechanism [41, 42].
NG combustion was modeled using the Miller–Anderson
mechanism, which was developed to simulate the dark
zone and ignition delay characteristics of gun propel-
lants [32]. AP combustion was modeled by Jing et
al. [48] using a modiﬁed Ermolin mechanism [87].
An eﬀort has been made to integrate various mech-
anisms to form a single mechanism to describe the
combustion of several monopropellants and pseudo-
propellants. The similarities between the mechanisms
for various compounds make this approach attractive.
Most propellants are made up of the elements C, H,
O, and N. While the initial species in the condensed
phase are markedly diﬀerent for diﬀerent ingredients,
they eventually decompose to similar gas-phase species.
For instance, CO, CH2O, HCN, NH3, H2O, and N2 have
been reported, in varying concentrations, in the ﬂame of
nitramine RDX, azide GAP, and nitrate ester NG. Con-
sequently, it appears that gas-phase mechanisms devel-
oped for a particular ingredient can be used for other
ingredients, provided the initial decomposition schemes
can be determined. This has especially been the case for
pseudo-propellants. AP–HTPB combustion was mod-
eled [63], for instance, using reactions from the AP–
CTPB [88] and AP [87] mechanisms, and the mecha-
nism of GRI [86]. The extra reactions from the mech-
anism of GRI and the AP mechanism were reported to
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result in a ﬂame temperature that agreed much better
with the equilibrium value [63] than those reported in
[88]. RDX/GAP has been modeled [59] using a combi-
nation of the RDX mechanism [38] and the mechanism
of GRI [86]. GAP [45], BTTN [46], RDX/GAP [60] and
RDX/GAP/BTTN [62] pseudo-propellants have been
modeled by Puduppakkam et al. using essentially a sin-
gle, combined gas-phase mechanism, which was made
up of reactions from the RDX [38], AP [87], and NG
[32] mechanisms, and the mechanism of GRI [86] with
some additional reactions from Park and Lin [89]. Many
of the reactions are common between various mecha-
nisms described above, and redundant reaction steps
were eliminated.
Some of the kinetic parameters are somewhat un-
certain or have been optimized for the combustion of
a particular compound. For instance, some of the pre-
exponential factors in the mechanism of GRI have been
optimized for natural gas combustion. When using
these reactions for modeling the combustion of other
compounds, there is a potential that they may not rep-
resent the chemistry well. Some reactions need further
review [62] but, as a whole, the integrated mechanisms
seem to provide consistent results. This indicates that
it may be possible to assemble a single comprehensive
mechanism that can eventually be applied to model sev-
eral more compounds. That would imply that the only
diﬀerent information needed to model diﬀerent ingre-
dients would potentially be about the condensed-phase
processes.
Gas-Phase Thermophysical and Transport Proper-
ties. Most of the thermophysical and transport proper-
ties for the gas-phase species under consideration are
reasonably well documented in the literature. Since
the gas-phase species are common to other reaction sys-
tems, such as methane, many of those data have been
used for solid propellant combustion product gases.
The properties are often available in a temperature-
dependent format.
MODEL RESULTS AND DISCUSSION
Monopropellants
The calculated combustion characteristics from
most models include the pressure and temperature sen-
sitivities of the burning rate, species and temperature
proﬁles, and surface and ﬂame temperatures. The burn-
ing rate is the calculated characteristic of most interest.
Results from these models are typically consistent with
the experimental burning rate data. Figure 1 shows
the calculated burning rates r for several monopropel-
lants. The corresponding data points have not been
Fig. 1. Calculated burning rates for NG [32], AP [48],
RDX [2], GAP [45], and BTTN [46], based on detailed
mechanisms.
included, as they would obscure the graph. A detailed
comparison can be observed in each of the references
from the original papers. Various model calculations
agree with the experimental data well, but to varying
degrees. The calculated burning rate of BTTN matched
67% of the experimental data within ±10% and all of
the data within ±15%. For AP, 60% of the data were
within ±5% and 83% were within ±7%. For RDX, 60%
of the data were within ±10% and 85% within ±15%.
For GAP, 80% of the data were within ±10%. For NG,
82% of the data were within ±15% in the range of pres-
sures 1 to 100 atm.
The burning rates of monopropellants shown in
Fig. 1 vary by almost an order of magnitude. One of the
interesting features is the lack of direct correspondence
between the ﬂame temperature and the burning rate
for these monopropellants. GAP has one of the highest
burning rates in Fig. 1, although it has one of the lowest
ﬂame temperatures (≈1400 K). The high burning rate
of GAP is apparently due to a large condensed-phase
heat release. The ﬂame temperatures of RDX, BTTN,
and NG are similar (≈3000 K), yet their burning rates
vary considerably.
The pressure exponents of the calculated burning
rates shown in Fig. 1 vary over a wide range, 0.4–0.85,
for diﬀerent ingredients. These values typically agree
well with experimental data, i.e., within ±5%. The cal-
culated condensed-phase heat release is not signiﬁcantly
aﬀected by pressure, apparently, due to the global na-
ture of the condensed-phase kinetics. The gas-phase re-
action rates, however, are dependent on pressure. With
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Fig. 2. Burning rate of GAP–curative mixture versus
the GAP percentage.
increasing pressure, the ﬂame moves closer to the sur-
face, thus, increasing the heat feedback to the surface.
Hence, the pressure exponent is a measure of the model
accuracy, in terms of the calculated gas-phase heat feed-
back and its impact on the burning rate.
The burning rate for GAP has been observed to be
strongly dependent on the amount of curative with the
GAP polymer [54, 90, 91]. Kubota et al. [92] reported
a correlation between the N3 bond energy contained
within a unit mass of GAP and the burning rate. The
burning rate increases signiﬁcantly with increasing GAP
content, essentially doubling as the percentage of GAP
varies from ≈81% to 90%.
The calculated burning rate at 70 atm is shown in
Fig. 2 as a function of the azide content of four diﬀerent
formulations with the GAP content varying from 81 to
89%. The agreement between model calculations and
experimental data in Fig. 2 is excellent. The large eﬀect
of the azide content points to the signiﬁcant impact of
the condensed-phase energy release. The burning rate
of GAP is high since the energy is released close to the
surface, even though it is a relatively low overall amount
of energy.
An advantage of detailed models is that, in addi-
tion to calculating the burning rate and its pressure ex-
ponent, the models make it possible to calculate the
temperature sensitivity, the temperature and species
proﬁles, and the surface and ﬂame temperatures. Ex-
perimental data for temperature and species proﬁles
are not often available, but if available, they provide
a more comprehensive validation of the models and a
Fig. 3. Calculated temperature sensitivities for RDX
[2], HMX [36, 37], and AP [48] (curves) compared with
experimental data [93] (points).
more comprehensive view of the combustion process.
The temperature sensitivity is aﬀected signiﬁcantly
by the condensed-phase heat release, (i.e., a larger en-
ergy release close to the surface results in a higher de-
pendence of the burning rate on the initial tempera-
ture). For instance, GAP, which has a high condensed-
phase heat release, also has a high temperature sen-
sitivity. Also, parametric studies from some models
indicate that the physical properties of the condensed
phase can aﬀect the temperature sensitivity signiﬁ-
cantly [45, 46]. The temperature sensitivity of the burn-
ing rate (α) for the range of compounds modeled varies
from ≈0.001 K−1 for nitramines (RDX and HMX) and
≈0.004 K−1 for nitrate esters (BTTN) to ≈0.01 K−1 for
azides (GAP). Some of the calculated values are plotted
in Fig. 3.
The temperature sensitivity is probably the hardest
characteristic to match with experimental data, partly
due to the uncertainties in condensed-phase parame-
ters, and partly because the temperature sensitivity is
a derivative quantity. In general, the calculated tem-
perature sensitivity agrees reasonably well with experi-
mental data qualitatively and decreases with increasing
pressure. However, there have been instances when the
calculated values are not consistent with experimental
data. For example, RDX and HMX both have very
low values of temperature sensitivity (≈0.001 K−1) at
pressures above ≈50 atm; at pressures approaching one
atmosphere, however, RDX has a value of slightly less
than 0.002 K−1 and HMX has a value of ≈0.005 K−1
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[93]. Most models [41–43] have not been able to re-
produce this behavior. However, a recent modeling ap-
proach that includes the eﬀects of surface tension of the
bubbles in the liquid layer [36, 37] has been successful
in calculating the observed diﬀerence in the tempera-
ture sensitivity of RDX and HMX at low pressures, as
is shown in Fig. 3.
Table 5 lists the concentrations of species enter-
ing the gas phase, as used in diﬀerent monopropellant
models, including a nitramine (RDX), a nitrate ester
(NG), an azide (GAP), AP, and ADN. The concentra-
tions are primarily based on experimental data. Ta-
ble 5 shows an interesting trend: Monopropellants with
considerably diﬀerent structures and compositions de-
compose to form similar gaseous species at the surface,
although with considerably diﬀerent compositions. The
largest concentrations are marked in bold. The informa-
tion in Table 5 provides some valuable insights into the
combustion mechanisms. For instance, one of the most
dominant factors aﬀecting the burning rate is the gas-
phase heat feedback. The near-surface gas-phase reac-
tions, which depend on the species concentrations and
their reactivity, inﬂuence the gas-phase heat feedback
considerably and are, thus, of particular signiﬁcance for
the burning rate calculations. AP, for instance, has a
large concentration of reactive species close to the sur-
face, enabling a high heat feedback, even though the
ﬂame temperature is low (≈1400 K).
The species concentrations at the surface are also
instructive in identifying processes occurring farther
from the surface. For instance, NG and ADN have
large concentrations of NO2 and/or N2O at the surface.
These species usually react to form NO, large concen-
trations of which at ≈1500 K are known to cause a dark
zone. Indeed, NG has a large dark zone, even at high
pressures, and ADN has two dark zones. On the other
hand, RDX does not have a large concentration of NO2
or N2O at the surface, and even though its elemental
composition (C3H6N6O6) is similar to NG (C3H5N3O9)
and BTTN (C4H7N3O9), it does not exhibit a dark zone
under self-deﬂagration conditions.
The species proﬁles have been compared with ex-
perimental data where available. For RDX, the mod-
eling results match experimental data well [2, 3]. For
BTTN, general trends are available from experimental
data, and the calculated concentrations appear consis-
tent with the experimental observations. Figure 4 com-
pares the calculated species proﬁles of ADN of Liau et
al. [49] with the experimental data of Korobeinichev et
al. [94], and the calculated values can be seen to be in
good agreement with the experimental data.
Figure 5 shows some of the calculated tempera-
ture proﬁles at 5 atm of the monopropellants RDX,
Fig. 4. Calculated proﬁles of temperature and species
concentrations of ADN gas ﬂame at 6 atm: the curves
and points refer to the calculation [49] and experi-
ment [94]; x is the distance from the surface.
Fig. 5. Calculated temperature proﬁles for monopropel-
lants and pseudo-propellants at 5 atm.
GAP, and BTTN, and pseudo-propellants made from
them. The large gas-phase heat feedback of RDX is
illustrated by the large temperature gradient near the
surface. GAP has a very low calculated ﬂame tempera-
ture, consistent with experimental data, due to its fuel-
rich character. BTTN has a dark zone at a temperature
of ≈1500 K due to the slow chemistry of NO. The dark-
zone length is based on the plateau in the calculated
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TABLE 5





N2 NO HCN NH3 NO2 N2O CO CH2O O2 H2O HClO4 Other
RDX [2] — 0.08 0.17 — 0.08 0.08 — 0.08 — 0.08 — 0.4 RDX(gas)
AP [48] — — — 0.26 — 0.05 — — 0.12 0.17 0.21 0.09 HCl




ADN [94] 0.1 0.23 — 0.07 — 0.28 — — — 0.3 — 0.2 HNO3
NG-Hatch [32] — — — — 0.5 — — 0.33 — — — 0.17 HCO
NG-Levy [32] — — — — 0.33 — 0.17 0.33 — — — 0.17 HONO
NG-MSM4 [32] — — — — — — 0.17 — — — — 0.5 HONO,
0.33 HCO
temperature proﬁles, and eventually ends at x = 7.1 cm
from the surface for this case (p = 5 atm), after which
the temperature rises to the thermodynamically equilib-
rium value of 3050 K. The calculated dark-zone length
(L) and temperature appear consistent with experimen-
tal data [95]. Proﬁles such as in Figs. 4 and 5, along
with species proﬁles, contribute to better understanding
of the combustion process.
The calculated dark-zone lengths of BTTN as a
function of pressure are shown in Figure 6, and they
compare well with the available experimental data on
BTTN [95]. Dark zones have also been observed for
other nitrate esters and double-base propellants [71, 51,
96]. The dark-zone length data in Fig. 6 of Kubota [51]
for a double-base propellant are of the same order of
magnitude as the experimental data and calculated val-
ues for BTTN, indicating the similarities in the combus-
tion processes. The slope of the calculated dark zones
is 1.73, while the values reported for double-base pro-
pellants include 1.8 [51] and 2.2 [96].
Dark zones are caused by a combined eﬀect of the
residence time of the reactive species in the reaction
zone due to ﬂuid transport and the kinetics of the chem-
ical reactions. Nitrate esters such as NG and BTTN
exhibit large dark zones, and the models have captured
that eﬀect [32, 46]. Figure 7a shows the calculated tem-
perature proﬁles at several pressures for BTTN, and a
dark zone can be seen even at relatively high pressures.
The length of the dark zone, which decreases signiﬁ-
cantly with increasing pressure, is consistent with ex-
perimental data.
Fig. 6. Dark-zone length versus pressure: the curve
refers to the calculation for BTTN, and the points refer
to the experimental data for BTTN (points 1 [95]) and
double-base propellants (points 2 [51]).
RDX exhibits an interesting characteristic. Dur-
ing laser-assisted combustion at near-atmospheric pres-
sures, RDX exhibits a dark zone, while there is no dark
zone under self-deﬂagration conditions. The models
have been able to predict this characteristic, as is shown
in Fig. 7b. The calculated dark-zone length and temper-
ature are consistent with experimental data [2, 3]. The
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Fig. 7. Temperature proﬁles: (a) calculated proﬁles
for BTTN [46]; (b) calculated and experimental pro-
ﬁles for RDX at 1 atm under laser-assisted combus-
tion [2].
model predicts a dark zone due to the increased burn-
ing rate caused by the added laser heat ﬂux. Indeed,
the calculated dark-zone length increases with increas-
ing laser ﬂux [30].
The surface temperature signiﬁes the start of the
gas-phase process, and thus matching the calculated
value with experimental data provides another test of
the model accuracy. The adiabatic ﬂame temperature,
while based on the equilibrium assumption, depends on
the kinetic mechanism, since the kinetic mechanism has
to predict the correct ﬁnal species concentrations. Thus,
matching the adiabatic ﬂame temperature with equi-
librium results is somewhat of a test of the gas-phase
kinetic mechanism. In general, the model calculations
match the equilibrium well. One of the exceptions to
this, however, is GAP. The experimental GAP ﬂame
temperatures are ≈1100 K, while the thermodynami-
cally equilibrium values are ≈1400 K at nominal pres-
sures. This discrepancy is apparently due to the fuel-
rich character of GAP, which results in the formation
of a non-equilibrium, carbonaceous residue [45]. The
presence of this residue indicates that the combustion
process is not completed.
Pseudo-Propellants
Pseudo-propellants burn quite diﬀerently com-
pared to monopropellants, and the characteristics are
not always intuitively obvious. One of the main rea-
sons for that is the diﬀerent chemistry, which aﬀects
the spatial distribution of energy release, and thus the
burning rate characteristics. The composition of the
pseudo-propellant aﬀects the concentration of species
exiting the condensed phase, thus altering the near-
surface gas-phase reactions and the ensuing gas-phase
heat feedback. The propellant composition also aﬀects
the heat release in the condensed phase. These fac-
tors aﬀect the burning rate characteristics. Modeling
with detailed kinetics should, thus, help resolve most of
these complexities. Comparing the calculated combus-
tion characteristics of pseudo-propellants with experi-
mental data also forms one of the tests of the approach
and the kinetic mechanisms used.
Pseudo-propellants with several ingredients
and varying compositions have been modeled.
RDX/GAP pseudo-propellants (90/10, 80/20, and
70/30 RDX/GAP) have been modeled by Liau et al.
[59] and Puduppakkam and Beckstead [60]. Figure 8
shows the calculated burning rates of the two models
as functions of the composition, in comparison with
experimental data [56]. Figure 8 shows an interesting
trend, with both monopropellant RDX and GAP
having much higher burning rates than the mixture.
While the calculated values from Liau et al. [59] and
Puduppakkam and Beckstead [60] diﬀer, probably
due to diﬀerent gas-phase kinetic mechanisms and
condensed-phase treatment, they both show a consis-
tent trend of decreasing burning rate with increasing
GAP content (0–30%). The decrease in the calculated
burning rate with increasing GAP content is attributed
to a decrease in the gas-phase heat feedback, which is
due to an increase in concentration of inerts such as
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Fig. 8. RDX/GAP pseudo-propellant burning rate
versus composition (at p = 34 atm). Comparison
of experimental data [56] and results calculated by
models [59] and [60].
N2 from GAP decomposition [59, 60]. The condensed-
phase heat release increases with the GAP content but
is apparently insuﬃcient to compensate for the decrease
in the gas-phase heat feedback. It may be noted that
the gas-phase mechanism used was not speciﬁcally
developed for RDX/GAP, but it still gives the right
trends. Also, the 80/20 RDX/GAP pseudo-propellant
exhibits a dark zone at p = 1 atm during laser-assisted
combustion, and the model calculations are consistent
with experimental data [60].
AP/HTPB has also been modeled as a pseudo-
propellant [63], but it shows exactly the opposite trend
of RDX/GAP. The model [63] was developed assuming a
premixed mixture of AP and HTPB, simulating a homo-
geneous binder. The kinetic mechanism was based on
a similar AP/CTPB mechanism [88], the AP monopro-
pellant mechanism [87], and some reaction steps from
the mechanism of GRI [86]. The model calculations
were compared to experimental data for two mixtures
of AP and HTPB. The size of AP particles in experi-
ments was small enough (12 µm) for the mixture to be
homogeneous. As a monopropellant, AP has a moder-
ate burning rate [93], but when combined with HTPB,
which cannot self-sustain combustion as a monopropel-
lant, the mixture has a much higher burning rate due to
more stoichiometric conditions and a higher ﬂame tem-
perature [97]. The calculated behavior of the burning
rate versus the AP/HTPB ratio [63] matches the exper-
imental data of [97], as is shown in Fig. 9. The model
[63] predicted a higher burning rate due to enhanced
Fig. 9. Comparison of the experimental [93, 97]
and calculated [48, 63] burning rates of AP/HTPB
compositions with mass ratios of components 100/0,
77.5/22.5, and 80/20 at p = 34 atm.
heat feedback from the gas phase.
Another pseudo-propellant formulation was made
up of 70% RDX, 9% GAP, and 21% BTTN [95]. The
RDX was a bimodal mix of 17 µm (70%) and 1.7 µm
(30%). The small particles were used to simulate a ho-
mogeneous mixture. BTTN was added to the formu-
lation, because a pure RDX/GAP mixture produced
a solid carbonaceous material, prohibiting the possi-
bility of making laser diagnostic measurements. Parr
and Hanson-Parr reported detailed ﬂame structure mea-
surements for that formulation [98]. A detailed mecha-
nism was developed for the RDX/GAP/BTTN pseudo-
propellant as discussed earlier. The ﬁnal mechanism
used consisted of 76 species and 488 reaction steps [62].
None of the kinetic parameters was varied within the
mechanism in going from the monopropellant calcula-
tions to the pseudo-propellant calculation.
It is worth mentioning that the calculations were
performed without advance knowledge of the experi-
mental burning rate data. Thus, the simulations rep-
resent a blind prediction of the burning rate. The cal-
culated rates are compared to the experimental data
of [62] in Fig. 10, which also includes the calculated
monopropellant burning rates of the individual compo-
nents. The calculated results for the pseudo-propellant
were within 4% of the experimental data, except at
1 atm. The burning rate of the pseudo-propellant
is smaller than that of all constituting ingredients,
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Fig. 10. Burning rate of the RDX/GAP/BTTN
pseudo-propellant and constituting ingredients: the
points refer to the experimental data of [95] for the
RDX/GAP/BTTN pseudo-propellant; the curves re-
fer to the calculations of [62]; the burning rate of the
pseudo-propellant was calculated without advance
knowledge of experimental data.
and the model has been able to capture that eﬀect.
The constituting ingredients have widely varying ﬂame
structures, pressure exponents (≈0.4–0.85), and tem-
perature sensitivities (≈0.001–0.01 K−1). The model,
nonetheless, predicted consistent values of both the
pressure exponent (0.8) and the temperature sensitivity
(0.0012–0.0014 K−1) for the mixture, compared with
the experimental data of [95].
The results for both mono- and pseudo-propellants
are very encouraging. The kinetic mechanisms seem to
be consistent, suggesting that a mechanism could possi-
bly be developed containing reactions that could repre-
sent several diﬀerent compounds and the corresponding
propellant mixtures. This could be a signiﬁcant step to-
wards further a priori predictions. While the quantita-
tive results are not always accurately calculated, mod-
eling results typically provide the right trends, which
help understand the combustion process better.
CONCLUSIONS
Tremendous progress has been achieved in the
last ten years with respect to modeling the combus-
tion of solid propellant ingredients. The gas-phase ki-
netic mechanisms seem to represent the chemistry of
several monopropellants and pseudo-propellants consis-
tently well, although some reactions may need further
review. In spite of the constraints, the current state of
modeling appears very promising. The combustion of
several monopropellants and pseudo-propellant compo-
sitions has been analyzed from an elementary level, and
these models have helped understand the overall com-
bustion process better. The major constraint on solid
propellant combustion modeling currently is the insuﬃ-
cient understanding of the chemical reaction pathways
and reaction rates in the condensed phase.
It appears that, by assembling a large database
of monopropellant models, a comprehensive mecha-
nism could be developed, capable of simulating pseudo-
propellants of varying compositions and ingredients.
Most of the pseudo-propellant models discussed in this
paper have been based on the corresponding monopro-
pellant models. As has been discussed, several mono-
propellants have already been modeled, and it should
be possible to extend that capability to ingredients of
the same chemical families with relative ease.
The current state of modeling, thus, appears to be
headed toward a priori predictions. While this out-
look is very positive, describing the condensed-phase
chemistry is a signiﬁcant constraint. Various simpli-
ﬁcations seem to result in the capability to calculate
correct trends but not precise quantitative results. One
of the other main constraints is the assumption of the
one-dimensional combustion wave structure, which ne-
glects the eﬀects of the particle size and ﬂame expan-
sion. Modeling is, thus, not yet a predictive tool, but
at the current stage it can be used as a useful guide. It
seems that in the near future these combustion models
could help in the formulation of advanced propellants.
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